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Abstract

Background: Dystrophinopathy, a common neuromuscular disorder, includes Duchenne muscular dystrophy
(DMD) and Becker muscular dystrophy (BMD). Many researches are currently ongoing to develop curative
approaches, which results in an urgent need for biomarkers of disease progression and treatment response. This
study investigated whether the serum creatinine (SCRN) level can be used as a biomarker of disease progression in
dystrophinopathy.

Methods: We enrolled 377 male patients with dystrophinopathy and 520 male non-dystrophinopathy controls in a
cross-sectional study. From this cohort, 113 follow-up patients were enrolled in a longitudinal study. Patients’
demographic information, motor function, muscle fatty infiltration, and muscle dystrophin levels were evaluated.
We investigated correlations between these parameters and SCRN levels, and determined changes in SCRN levels
with maturation and with motor function changes.

Results: Our results showed SCRN levels correlated with motor function (FDR < 0.001) and timed test results (FDR
between < 0.001-0.012), as well as with muscle fatty infiltration (FDR < 0.001) and dystrophin levels (FDR=0.015
and 0.001). SCRN levels increased with maturation in control individuals; it slowly increased with maturation in
patients with BMD but decreased generally with maturation in patients with DMD. The longitudinal study further
demonstrated that SCRN levels were associated with motor function.

Conclusions: These findings indicated that the SCRN level is a promising biomarker for assessing disease
progression in dystrophinopathy and could be used as a potential outcome measure in clinical trials.
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Background

Dystrophinopathy is a common hereditary neuromuscu-
lar disorder, characterized by limb, respiratory, and car-
diac muscle weakness [1], and mainly includes
Duchenne muscular dystrophy (DMD), which has a se-
vere course, and Becker muscular dystrophy (BMD),
which has a better prognosis [1]. Mutations abolishing
dystrophin function lead to DMD, and those retaining
partially functional dystrophin cause BMD [2]. Many
novel therapeutic approaches are currently being evalu-
ated in clinical trials [2]; consequently, effective and ob-
jective endpoints for evaluating disease progression and
treatment responses are urgently needed.

The assessment of motor function is commonly used
to evaluate disease progression, their applications are
limited because of the dependence on moderator skill
and patient compliance [3, 4]. Furthermore, muscle bi-
opsy and magnetic resonance imaging (MRI) are valu-
able tools, but both have limitations: muscle biopsy is
invasive, and MRI is expensive and requires sedation for
young patients [5, 6]. Notably, serum creatine kinase has
been used as a biomarker for diagnosis, but not for con-
tinuous therapeutic monitoring, because of its high vari-
ability [7]. Matrix metalloproteinase-9 and muscle-
specific microRNAs are potential biomarkers, but their
applicability remains uncertain [4, 8]. Therefore, object-
ive biomarkers that can be used to monitor disease pro-
gression in dystrophinopathy are still needed.

Our previous study indicates that the serum creatinine
(SCRN) level is a promising marker for distinguishing
between DMD and BMD [9]. However, whether the
SCRN level can reflect disease progression remains un-
known. Accordingly, the current cross-sectional and lon-
gitudinal study tested the hypothesis that the SCRN

level could aid in monitoring progression in
dystrophinopathy.
Methods

Participants

We enrolled 377 male patients with dystrophinopathy
(DMD, 283; BMD, 94), who visited our clinic between
September 2012 and February 2019 at the First Affiliated
Hospital, Sun Yat-sen University. Among them, 163 pa-
tients participated in our previous study [9, 10]. The
diagnosis was confirmed based on either histological
evaluation (n="7) or genetic testing (n=356), or both
(n=14). Of them, 113 follow-up patients (DMD, 84;
BMD, 29) were included in a longitudinal study. Fur-
thermore, 520 non-dystrophinopathy male controls with
normal serum urea levels (age range: 0—25 years) visiting
our hospital for other diseases (excluding neuromuscular
disorder, kidney disease, diabetes mellitus, or liver dis-
ease) were also included in this study, with 20 controls
for each year of age. All patients with dystrophinopathy
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visited the clinic because of motor dysfunction, asymp-
tomatic/pauci-symptomatic hyperCKemia, or hyperami-
notransferasemia [11]. Patients who were able to
ambulate at the age of >16 years were classified into the
BMD group, and the others into the DMD group; the
latter included patients with DMD who lost ambulation
before the age of 12 years and patients with intermediate
muscular dystrophy (IMD) who lost ambulation at the
age of 12—-16 years because it is hard to distinguish be-
tween IMD and DMD in early stages [12]. Among pa-
tients who were unable to be classified in the
aforementioned manner, those with the onset of motor
dysfunction before the age of 5 years were categorized as
having DMD, and those with no motor dysfunction be-
fore the age of 5 years and nearly normal motor function
or mild motor dysfunction at the age of >5years were
categorized as having BMD [12-14]. Patients with nor-
mal motor functions before the age of 5years were
followed up and phenotype judgments were made when
they reached 5years of age. Detailed participant infor-
mation is presented in Tables 1, 2 and 3. The follow-up
information in the longitudinal study is presented in
Table 4.

Patients whose SCRN levels were affected by renal in-
jury (determined either by clinical manifestations or
based on elevated levels of serum urea or cystatin C;
serum urea of all blood samples were measured and 19
samples had results of cystatin C due to its high cost),
diabetes mellitus, drug administration (angiotensin-con-
verting-enzyme inhibitors, phlorizin, cimetidine, pro-
benecid, or trimethoprim), obvious malnutrition
(determined either by clinical manifestation or based on
decreased serum albumin levels), vegetarian diet, or ad-
vanced liver disease, were excluded from the study.

Blood examination

Blood samples were manipulated using the standard
protocol in our hospital [9]. To obtain serum, five milli-
litres of venous blood from each participant were col-
lected into a serum-separating tube. The time for
delivering blood samples from the clinic to laboratory
was within 2 h. Blood was centrifuged (at 1810g for 5
min at room temperature) immediately after arrival in
the laboratory. Then the serum top layer was transferred
into an individual tube and analysed for SCRN (refer-
ence range for adults: 53—115 pmol/L; sarcosine oxidase
enzymatic assay, OSR61204, Beckman Coulter, Brea,
CA, USA), urea (reference range: 1.6—6.0 mmol/L for 0—
3 years; 2.8—-6.0 mmol/L for 4—19 years; 3.1-8.0 mmol/L
for >20years; urease-glutamate dehydrogenase enzym-
atic assay, OSR6234, Beckman Coulter, Brea, CA, USA),
and cystatin C levels (reference range: 0.50-1.02 mg/L;
immunoturbidimetric assay, B38145, Beckman Coulter,
Brea, CA, USA) in a Beckman Coulter AU5800 clinical
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Table 1 Basic information of patients with dystrophinopathy
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Number (%) Total Age (y)
0-4y 59y 10-14y 15-19y 20-25y :],Z;“be’
Ethnic 101 208 47 11 10 377
East Asian 101 (100.00) 208 (100.00) 47 (100.00) (100.00) 10 (100.00) 377 (100.00) 7 (4-9)
Clinical phenotype 101 208 47 1 10 377
BMD 19 (18.81) 44 (21.15) 15 (31.91) 7 (63.64) 9 (90.00) 94 (24.93) 7 (5-12)
DMD 82 (81.19) 164 (78.85) 32 (68.09) 4 (36.36) 1 (10.00) 283 (75.07) 7 (4-8)
Vignos scale 78 (77.23) 205 (98.56) 46 (97.87) 1 (100.00) 9 (90.00) 349 (92.57) 7 (5-9)
Brooke scale 78 (77.23) 202 (97.12) 37 (78.72) 11 (100.00) 9 (90.00) 337 (89.39) 7 (5-9)
complete GSGC scale 18 (17.82) 45 (21.63) 9 (4043) 5(4545) 3 (30.00) 90 (23.87) 7 (5-10)
Gait 42 (41.58) 107 (51.44) 33 (70.21) 7 (63.64) 4 (40.00) 193 (51.19) 7 (5-9)
Time to walk 10 m 8(7.92) 20 (9.62) 0 (0.00) 0 (0.00) 2 (20.00) 30 (7.96) 6.5 (4-8)
Climbing stairs 4 (23.76) 54 (25.96) 27 (5745) 6 (54.55) 3 (30.00) 114 (30.24) 7 (5-10.25)
Time to climb four standard steps 4 (13.86) 20 (9.62) 0 (0.00) 0 (0.00) 2 (20.00) 36 (9.55) 5 (4-7)
Gowers’ manoeuvre 46 (45.54) 111 (53.37) 33 (70.21) 8 (72.73) 5 (50.00) 203 (53.85) 7 (5-9)
Time to stand up from ground 41 (40.59) 66 (31.73) (14.89) 2(18.18) 3 (30.00) 119 (31.56) 6 (4-8)
Arising from a chair 18 (17.82) 1(24.52) 24 (51.06) 5 (4545) 3 (30.00) 101 (26.79) 8 (5-10)
Time to arise from sitting 10 (9.90) 27 (12.98) 3 (6.38) 0 (0.00) 2 (20.00) 2 (11.14) 7 (4.75-8)
Loss of ambulation 0 (0.00) 7 (337) 16 (34.04) 4 (36.37) 1 (10.00) 8 (743) (9.5-135)
MRl in legs 5 (4.95) 21 (10.10) 4(851) 0 (0.00) 0 (0.00) 0 (7.96) 69+271
Muscle biopsy 3(297) 12 (5.77) 3(6.39) 1(9.09) 2 (20.00) 21 (5.57) 8(6-10)
Glucocorticoid administration
Oral administration 10 (9.90) 74 (35.58) 20 (42.55) 0 (0.00) 2 (20.00) 106 (28.12) 7 (6-9)
None 68 (67.33) 131 (62.98) 20 (42.55) 2(18.18) 2 (20.00) 223 (59.15) 6 (4-8)
Unknown 23 (22.77) 3(144) 7 (14.89) 9 (81.82) 6 (60.00) 48 (12.73) 5.5 (3-15)
Mutation analysis 101 204 45 1 9 370
Deletion 68 (67.33) 138 (67.65) 27 (60.00) 6 (54.55) 6 (66.67) 245 (66.22) 6.5 (4-9)
Duplication 11 (10.89) 22 (10.78) 7 (15.56) 0 (0.00) 0 (0.00) 40 (10.81) 723+3.18
Point mutation 22 (21.78) 44 (21.57) 1 (24.44) 5 (4545) 3(3333) 85 (22.97) 7 (4-9)

BMD Becker muscular dystrophy, DMD Duchenne muscular dystrophy, GSGC Gait, Stairs, Gowers’ manoeuvre, Chair, y year. Age with normal distributions and
without normal distributions were presented as mean +* standard deviation and median (interquartile range: P25-P75), respectively

chemistry analyser (Beckman Coulter, Brea, CA, USA).
The latest follow-up blood examinations were included
in the cross-sectional study to collect data in patients at
the advanced stage of the disease.

For DMD mutation analysis, blood (2 mL) was col-
lected and then multiplex ligation-dependent probe
amplification reaction was used to detect large se-
quence rearrangements. Samples with negative re-
sults were checked for small mutations by next
generation sequencing using an Illumina Hiseq 2000
system (Illumina Corporation, San Diego, CA, USA).
The mutations we found have been reported in our
previous studies [15, 16]. The following test re-
viewers were blinded to the results of SCRN levels.

Motor function evaluation

Lower limb motor function was evaluated using the Vig-
nos scale and the Gait, Stairs, Gowers’ manoeuvre, Chair
(GSGC) scale [17], and upper limb motor function was
evaluated using the Brooke scale just before the serum
was collected [18]. Grade 7 on the Vignos scale was not
used because long leg braces were not applicable in our
patients and patients who could stand independently
with the aid of a railing were classified as grade 8. Evalu-
ations were limited to patients aged >2 years because of
compliance demands. Higher grades in these scales indi-
cated worsening motor function. The number of patients
with complete GSGC scale data was smaller than that
with Vignos scale data because of a demand for higher
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Table 2 Basic information of patients with Duchenne muscular dystrophy
Number (%) Total number (%) Age (y)
0-4y 59y 10-14y 15-19y  20-25y
Ethnic 82 164 32 4 1 283
East Asian 82 (100.00) 164 (100.00) 32 (100.00) 4 (100.00) 1 (100.00) 283 (100.00) 7 (4-8)
Vignos scale 62 (75.61) 162 (98.78) 31 (96.88) 4(100.00)  1(100.00) 260 (91.87) 7 (5-9)
Brooke scale 62 (75.61) 159 (96.95) 22 (68.75) 4 (100.00) 1 (100.00) 248 (87.63) 7 (4.5-8)
complete GSGC scale 9 (10.98) 19 (11.59) 14 (43.75) 3 (75.00) 1 (100.00) 46 (16.25) 9 (6-12)
Gait 28 (34.15) 77 (46.95) 26 (81.25) 4(100.00)  1(100.00) 136 (48.06) 8 (5-9)
Time to walk 10 m 7 (8.54) 12 (7.32) 0 (0.00) 0 (0.00) 0 (00.00) 19 (6.71) 6 (4-7.5)
Climbing stairs 14 (17.07) 27 (16.46) 22 (68.75) 4 (100.00) 1 (100.00) 68 (24.03) 9 (6-11)
Time to climb four standard steps 11 (13471) 127.32) 0 (0.00) 0 (0.00) 0 (00.00) 23 (8.13) 54-7)
Gowers’ manoeuvre 31 (37.80) 80 (48.78) 24 (75.00) 4 (100.00) 1 (100.00) 140 (4947) 7 (5-9)
Time to stand up from ground 29 (35.37) 45 (27.44) 2 (6.25) 0 (00.00) 0 (00.00) 76 (26.86) 6 (4-7)
Arising from a chair 9(10.98) 25 (15.24) 17 (53.13) 3 (75.00) 1(100.00)  55(1943) 9 (7-11)
Time to arise from sitting 8 (9.76) 18 (10.98) 1(3.13) 0 (0.00) 0 (00.00) 27 (9.54) 7 (4-8)
Loss of ambulation 0 (0.00) 7 (4.27) 16 (50.00) 4 (100.00) 1 (100.00) 28 (9.89) 11 (9.5-13.5)
MRl in legs 3 (3.66) 18 (10.98) 1(3.13) 0 (0.00) 0 (00.00) 22(7.77) 6.64+2.13
Muscle biopsy 1(1.22) 11 6.71) 2 (6.25) 0 (0.00) 1 (100.00) 15 (5.30) 7 (6.5-9)
Glucocorticoid administration
Oral administration 10 (12.20) 57 (34.76) 14 (43.75) 0 (0.00) 0 (00.00) 81 (2862) 7 (6-9)
None 57 (69.51) 105 (64.02) 14 (43.75) 1 (25.00) 1 (100.00) 178 (62.90) 6 (4-8)
Unknown 15 (18.29) 2(1.22) 4 (125) 3 (75.00) 0 (00.00) 24 (848) 3(3-115)
Mutation analysis 82 160 31 4 0 277
Deletion 56 (68.29) 106 (66.25) 20 (64.52) 2 (50.00) 0 (00.00) 184 (66.43) 6 (4-8)
Duplication 9 (10.98) 19 (11.87) 4 (12.90) 0 (0.00) 0 (00.00) 32 (11.55) 7.5 (4-9)
Point mutation 17 (20.73) 35 (21.88) 7 (22.58) 2 (50.00) 0 (00.00) 61 (22.02) 7 (4-9)

GSGC Gait, Stairs, Gowers’ manoeuvre, Chair, y year. Age with normal distributions and without normal distributions were presented as mean + standard deviation

and median (interquartile range: P25-P75), respectively

compliance for the GSGC scale. Evaluations were re-
corded using a Sony RX 100 Camera (Sony Corp., TYO,
Japan) and the results were confirmed separately by two
skilled neurologists. Data biased by poor compliance led
to exclusion from the study.

Magnetic resonance imaging

MRI results of 30 patients (DMD, 22; BMD, 8) under-
going leg MRI were included. Axial T1-weighted im-
ages (thickness: 4 mm; TR: 500 ms; TE: 22 ms) were
obtained using a 1.5-T MR scanner (Achieva, Philips
Cor., Amsterdam, Netherlands). Muscle fatty infiltra-
tion was evaluated by two neurologists at the max-
imum cross-section, with the Mercuri scale as an
MRI score [19]. Leg MRI total score was the sum of
MRI scores for 11 muscles in the leg, including: the
vastus lateralis, rectus femoris, vastus internus, vastus
medialis, adductor magnus, sartorius, adductor longus,
gracilis,  biceps  femoris, semitendinosus, and

semimembranosus muscles. Higher MRI scores indi-
cated more severe muscle lesions.

Muscle histology and immunohistochemistry

Muscle biopsy samples (gastrocnemius or vastus latera-
lis) of 21 patients were obtained (DMD, 15; BMD, 6).
Hematoxylin and eosin staining and immunohistochem-
istry for dystrophin (anti-dystrophin antibody: NCL-
DYS2 (1:50) for C terminus, NCL-DYS3 (1:50) for N
terminus; Novocastra, Leica Biosystems Inc., Wetzlar,
USA) were performed [20]. Muscle histology was divided
into four grades using a histology scale according to fatty
infiltration [21]: Grade 1. Retention of fascicular pattern
with no obvious proliferation of fat or connective tissue;
Grade 2. Retention of fascicular pattern plus invasion by
connective tissue and/or fat proliferation; Grade 3. Dis-
ruption of muscle fascicles with marked connective tis-
sue and/or fat proliferation; Grade 4. Severe change with
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Table 3 Basic information of patients with Becker muscular dystrophy
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Number (%) Total Age (y)
0-4y 59y 10-14y 15-19y 20-25y :},Z;“be’
Ethnic 19 44 15 7 9 94
East Asian 19 (100.00) 4 (100.00) 15 (100.00) 7 (100.00) 9 (100.00 4 (100.00) 7 (5-12)
Vignos scale 16 (84.21) 3(97.73) 5 (100.00) 7 (100.00) 8 (88.89) 9 (94.68) 7 (5-12)
Brooke scale 16 (84.21) 3(97.73) 15 (100.00) 7 (100.00) 8 (88.89) 9 (94.68) 7 (5-12)
complete GSGC scale 9 (47.37) 6 (59.09) 5(3333) 2 (2857) 2(22.22) 4 (46.81) 6.5 (5-8.5)
Gait 14 (73.68) 0 (68.18) 7 (46.67) 3 (42.86) 3(33.33) 57 (60.64) 6 (5-9)
Time to walk 10 m 1 (5.26) 8(18.18) 0 (0.00) 0 (100.00) 2 (22.22) 11 (11.70) 7 (5-8.5)
Climbing stairs 10 (52.63) 27 (61.36) 5(3333) 2 (2857) 2(22.22) 46 (48.94) 6.5 (5-8)
Time to climb four standard steps 3(15.79) 8 (18.18) 0 (0.00) 0 (0.00) 2(22.22) 13 (13.83) 5 (5-7)
Gowers’ manoeuvre 15 (78.95) 31 (7045) 9 (60.00) 4 (57.14) 4 (44.44) 63 (67.02) 7 (5-10)
Time to stand up from ground 12 (63.16) 1(47.73) 5(3333) 2 (2857) 3(3333) 3 (45.74) 7 (4-9)
Arising from a chair 9 (47.37) 26 (59.09) 7 (46.67) 2 (2857) 2(22.22) 46 (48.94) 7 (5-9)
Time to arise from sitting 2 (10.53) 9 (2045) 2(13.33) 0 (0.00) 2 (22.22) 5(15.96) 7 (5-10.5)
Loss of ambulation 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) -
MRI'in legs 1(5.26) 4(9.09) 3 (20.00) 0 (0.00) 0 (0.00) 8 (851) 7.63 £4.00
Muscle biopsy 2 (10.53) 1(2.27) 1(6.67) 1(14.29) 1(11.11) 6 (6.38) 1033 +£7.00
Glucocorticoid administration
Oral administration 0 (0.00) 7 (38.64) 6 (40.00) 0 (0.00) 2 (22.22) 25 (26.60) 8 (6-11)
None 11 (57.89) 26 (59.09) 6 (40.00) 1(14.29) 1(11.11) 45 (47.87) 7 (5-8)
Unknown 8 (42.11) 1(227) 3 (20.00) 0 (0.00) 6 (66.67) 18 (19.15) 14 (3-19.5)
Mutation analysis 19 44 14 7 9 93 7 (5-12)
Deletion 12 (63.16) 32 (72.73) 7 (50.00) 4 (57.14) 6 (66.67) 61 (65.59) 7 (5-10)
Duplication 2 (10.53) 3(6.82) 3(2143) 0 (0.00) 0 (0.00) 8 (8.60) 7.88 £3.68
Point mutation 5(26.31) 9 (2045) 4 (2857) 3 (42.86) 3(33.33) 24 (25.81) 10.10+6.76

GSGC Gait, Stairs, Gowers’ manoeuvre, Chair, y year. Age with normal distributions and without normal distributions were presented as mean + standard deviation

and median (interquartile range: P25-P75), respectively

replacement of more than 50% of muscle by fat and con-
nective tissue.

Higher histological scores indicated more severe
muscle lesions. The ratio of dystrophin-positive myo-
fibers to total myofibers in the muscle section was
used to evaluate dystrophin expression. All evalua-
tions were performed separately by a pathologist and
a neurologist, each with experience in muscle
pathology.

Table 4 Follow-up time in the longitudinal study

Glucocorticoid management

Glucocorticoid management consisted of oral prednis-
one at a dose of 0.3 mg/kg/day. Records of patients were
placed in the glucocorticoid administration group if they
took the glucocorticoid for at least 10 consecutive days
before the SCRN test. The last dose was taken on the
day immediately prior to testing because symptoms in
patients with dystrophinopathy can be ameliorated after
10 days of prednisone treatment [22].

Age of first Age of last Follow-up  Frequency of Average interval The number of The number of  The number
examination (y) examination (y) duration (y) examination timebetween individuals with individuals with of individuals
(times) contiguous 2 measurements 3 measurements with 4
examinations (y) measurements
DMD 5.00 (3.00-7.00)  7.00 2.00 2.00 1.00 72 9 3
(n=284) (4.00-9.00) (1.00-3.00)  (2.00-2.00) (1.00-2.00)
BMD (n=29) 6.00 (3.00-9.50)  8.00 2.00 2.00 1.00 18 8 3
(5.50-11.50) (1.00-3.00)  (2.00-3.00) (1.00-2.00)

DMD Duchenne muscular dystrophy, BVID Becker muscular dystrophy, y year. Data were presented as median (interquartile range: P,5—P7s)
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Statistical analysis

Data were analysed using SPSS 24.0 and GraphPad Prism
6. Partial correlation was used after adjusting for age to
examine correlations between SCRN levels and indexes of
motor function (Vignos, Brooke, and GSGC total scores)/
MRI/muscle biopsy [23]. Spearman’s correlation was used
to detect correlations between SCRN levels and age.

Linear regression analysis was used to determine
the differences in maturation-related changes in
SCRN levels between patients with DMD, patients
with  BMD and controls. The dummy variables
(Groupl and Group2) were used for the variable “Par-
ticipant group”, because it was a nominal variable
[24]. Control group was defined as (Groupl=0,
Group2 = 0); BMD group was defined as (Groupl =0,
Group2 =1); DMD group was defined as (Groupl =1,
Group2=0). The variables “Age”, “Groupl”, and
“Group2” were included as independent variables. For
achieving linearity, a log;o transformation was used
for SCRN level, and log;o(SCRN level) was included
as the dependent variable. Given that maturation-
related changes in SCRN levels potentially differed
between participant groups, suggesting the interaction
effect between “Age” and “Participant group”, the
interaction variables “AgeGroupl” and “AgeGroup2”
were included in the linear regression analysis;
AgeGroupl = Age x Groupl; AgeGroup2=Age x
Group2. After the analysis (stepwise method), we
chose the linear model with highest adjusted coeffi-
cient of determination (Rid), and P values of included
variables were less than 0.05.

For the longitudinal data, the linear mixed model
was used to determine changes in SCRN levels be-
tween follow-ups. According to phenotypes and
changes in motor function, patients were divided into
four subgroups: BMD group with undeteriorated
motor function, BMD group with motor function de-
terioration, DMD group with undeteriorated motor
function, and DMD group with motor function de-
terioration. The motor function deterioration was de-
fined by increased Vignos or Brooke scores. Linear
mixed models (random intercept and random slope)
were constructed in R version 4.0.0 (nlme package; R
Core Team, Vienna, Austria) for DMD groups and
BMD group with undeteriorated motor function, tak-
ing into account the clustered nature of the data (re-
peated measures within patients). BMD group with
motor function deterioration could not be analysed
due to its low sample size (n=4). These models can
handle missing measurements without the need for
imputation using maximum likelihood estimation.
One independent variable (follow-up times, for ex-
ample, this variable was defined as 1 and 2 when the
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patient visited our clinic for the first and second
times, respectively), two covariates (age and gluco-
corticoid administration), and one dependent variable
(SCRN level) were entered in the models. Three com-
mon covariance structures including unstructured,
first-order autoregressive, and compound symmetry
were examined for all groups using Akaike’s Informa-
tion Criterion (AIC). The covariance structure with
the lowest AIC was chosen for the analysis.

Benjamini-Hochberg procedure was used for multiple
testing correction to reduce type I error in the correl-
ation analyse. All P values of correlation analyses were
adjusted and then false discovery rate (FDR) were shown
in this study. The null hypothesis was rejected when the
FDR or P value was less than 0.05. The data in this study
were not transformed.

Results

SCRN levels decrease with motor function deterioration
All participants had normal levels of serum urea or
cystatin C (supplementary material). We investigated
whether the SCRN level can reflect motor function. The
results indicated that SCRN levels decreased with in-
creased Vignos scores (n=349; FDR<0.001; Fig. 1la),
GSGC total scores (n=90; FDR<0.001; Fig. 1b), and
Brooke scores (n = 337; FDR < 0.001; Fig. 1c).

The time required for movement has frequently been
used as an indicator in clinical trials [17]. We found that
SCRN levels decreased with increased time required to
walk 10m (n=30; FDR=0.012; Fig. 1d), climb four
standard steps (n=36; FDR =0.002; Fig. le), stand up
from the ground (n = 119; FDR < 0.001; Fig. 1f), and arise
from a chair (n=42; FDR =0.001; Fig. 1g). Notably, pa-
tients who took a longer time to complete these move-
ments had lower SCRN levels. Thus, SCRN levels
decrease with the deterioration of limb motor function.
The data in patients at different ages were shown in sup-
plementary material.

SCRN levels decrease with more severe muscle lesions
Fatty infiltration of the muscle tissue is an important
histological finding in dystrophinopathy [21]. We
found that SCRN levels decreased with increased leg
MRI total scores (n=30; FDR <0.001; Fig. 2a) and el-
evated histological scores (n=21; FDR<0.001; Fig.
2b). Thus, SCRN levels decrease with increased
muscle fatty infiltration.

The dystrophin level is an important marker for clin-
ical severity and therapeutic effectiveness [5]. We found
that SCRN levels increased with higher levels of dys-
trophin N terminal (n=21; FDR = 0.015; Fig. 2c) and C
terminal (n = 21; FDR = 0.001; Fig. 2d).
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Different age-SCRN models between controls, patients
with BMD, and patients with DMD
As healthy children grow, their SCRN levels increase
gradually mainly because of increased muscle mass [25].
Therefore, the maturation-related changes in SCRN
levels (age-SCRN models) in dystrophinopathy need to
be determined for use in clinical practice. As shown in
Fig. 3a, an obvious increase in SCRN levels was observed
with maturation in controls (7 =520; FDR < 0.001; r =
0.910). However, there were a slow increase and an over-
all decrease in SCRN levels with maturation in patients
with BMD (nz=94; FDR =0.001; r=0.335) and DMD
(n=283; FDR<0.001; r=-0.268), respectively. Add-
itionally, an overlap in SCRN levels between patients
with BMD and control children under the age of 5 years
could be observed in Fig. 3a.

Linear regression analysis was used to determine
whether age-SCRN models differed significantly between
groups. To achieve linearity, the dependent variable

“SCRN level” was transformed to log;o(SCRN level) (Fig.
3b). After the analysis, the model was constructed as
follows:

Log1o(SCRN level) = 1.379-0.106 x Groupl + 0.026 x
Age — 0.038 x AgeGroupl-0.015 x AgeGroup2; R?, =
0.896.

Thus, SCRN levels were affected by age and partici-
pant group, and the age-SCRN models differed between
controls, patients with BMD, and patients with DMD.

Longitudinal analysis

In total, 113 patients underwent blood testing during
follow-up. All participants had normal levels of serum
urea (supplementary material). In BMD group with
undeteriorated motor function, SCRN levels increased
with maturation (n=25; Coefficient=2.210, P=0.025;
Fig. 4a), independent of glucocorticoid administration
(P =0.500). Further, SCRN levels in patients of BMD

-
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group with motor function deterioration were also
shown in Fig. 4b (n =4).

In DMD group with undeteriorated motor function,
SCRN levels did not change with maturation (n =52;
P =0.092; Fig. 4c), independent of glucocorticoid admin-
istration (P =0.488). Additionally, decreases in SCRN
levels were observed in DMD group with motor function
deterioration (1 =32; Coefficient=-3.416, P=0.001;

Fig. 4d), independent of glucocorticoid administration
(P=0.422). Thus, changes in SCRN levels reflect
changes in motor function in dystrophinopathy, inde-
pendent of glucocorticoid administration.

Discussion
In this study, we evaluated whether the SCRN level can
reflect the progression of dystrophinopathy. We found
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administration, respectively. Graphs (a, ¢, and d) are split into two parts to decrease the overlap of points, and the graphs are thus more readable
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that decreased SCRN levels correlated with motor func-
tion deterioration in dystrophinopathy, and the findings
validate those in our previous preliminary study [10].
The longitudinal data presented here confirm that
changes in SCRN levels are associated with motor func-
tion changes. The correlation between SCRN levels and
severity of muscle lesions was also demonstrated. Fur-
thermore, the maturation-related changes in SCRN
levels differed between patients and controls. A marked
increase in SCRN levels with maturation in controls
conforms to previous findings [25]; the difference in
age-SCRN models between DMD and controls conforms
to that result in a previous study assessing blood meta-
bolomics in patients with DMD [26]. Thus, the SCRN
level can be used to assess disease progression in
dystrophinopathy.

SCRN levels in patients with DMD rarely overlap
with those in control individuals; however, there
was an overlap in SCRN levels between patients
with BMD and control children under the age of 5
years, which is probably related to the age of onset
of motor dysfunction in patients with BMD (above
5years). SCRN levels increased more slowly with
maturation in patients with BMD aged > 5 years
than in controls, indicating increased muscle injury
in patients with BMD. Therefore, SCRN levels are
highly correlated with disease progression. More-
over, the present results validate our previous find-
ings that SCRN levels can distinguish DMD from
BMD [9].

The creatine and phosphocreatine system is essential
as an energy-supporting mechanism in muscle tissues,
where creatine is primarily found (up to 94% of total
creatine in the body) [27]. Creatine and phosphocreatine
in myofibers are converted non-enzymatically to creatin-
ine at a stable rate, which is then released into the blood
as SCRN [28]. Thus, SCRN levels are correlated with
body muscle mass (BMM) and have thus been used to
estimate BMM [29, 30]. Decreased SCRN levels in dys-
trophinopathy probably result from decreased BMM,
and the hypothesis is supported by our findings that
SCRN levels correlate with the severity of muscle le-
sions. However, it remains unclear whether the creatin-
ine level can be used as a precise method for measuring
BMM in dystrophinopathy [31-34]. Furthermore, a re-
cent study showed that SCRN could be a biomarker in
spinal muscular atrophy, a disease also characterized by
muscle wasting and weakness, as well as multiple forms
of muscular dystrophy [35-37]. Thus, this suggests that
SCRN may be a potential biomarker in neuromuscular
disorders, and its applicability in other diseases should
be further investigated.

MRI findings/dystrophin levels have been used to
assess therapeutic effects [5, 38]. The present study
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demonstrated correlations between SCRN levels and
MRI findings/dystrophin levels, suggesting that asses-
sing SCRN levels might be a suitable alternative for
evaluating therapeutic effects. Furthermore, the differ-
ences in age-SCRN model between controls, patients
with BMD, and patients with DMD indicate that the
age-SCRN model could be recovered (i.e., from the
DMD to BMD model; from the DMD to normal
model; from the BMD to normal model) if the treat-
ment leads to the recovery of injured muscles. There-
fore, a continuous, long-term evaluation of the SCRN
level could facilitate the assessment of disease pro-
gression and therapeutic effects. Furthermore, al-
though glucocorticoids, a common medication used in
patients with dystrophinopathy, have a mild effect
(10% increase) on SCRN level [1, 39], this effect
would not limit its application for monitoring disease
progress in dystrophinopathy because changes in
SCRN levels were highly associated with motor func-
tion changes, independent of  glucocorticoid
administration.

Combined with our previous study [9], SCRN has two
application scenarios in dystrophinopathy by reflecting
the muscle injury severity: distinguishing phenotypes
and assessing disease progression. Thus, SCRN is a po-
tential prognostic biomarker as well as a surrogate out-
come measure. Additionally, these two applications can
also be combined. For example, exon skipping therapy is
suitable for DMD phenotype; after confirming DMD
phenotype with the help of SCRN level, the changes in
SCRN levels in the follow-ups could reflect the response
to the treatment.

This study is not without limitations. The assess-
ment accuracy of the SCRN level changes in patients
under the age of 1lyear was not clear, because few
such patients were diagnosed. Additionally, SCRN
levels in patients with advanced BMD were unknown;
therefore, a longer-term follow-up study is needed to
investigate this issue. Our observations in patients
with DMD suggest that SCRN levels in patients with
advanced BMD probably decrease as motor function
deteriorates. And the linear regression model in the
age range > 14 years might not be accurate because of
the low sample size (DMD: 5; BMD: 16), which needs
the further verification. Moreover, kidney damage was
reported in patients with Duchenne muscular dys-
trophy and renal dysfunction may affect SCRN levels
[32]; thus, it is necessary to evaluate renal function
when using SCRN levels to assess dystrophinopathy
progression and therapeutic responses.

Conclusions
SCRN levels could be used to assess disease progression
in patients with dystrophinopathy. The approach
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assessing the SCRN level is inexpensive, simple, and
minimally invasive and has been extensively used in clin-
ical settings; therefore, SCRN is a promising biomarker
for assessing disease progression of dystrophinopathy
and could be a potential surrogate outcome measure in
clinical trials.
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